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Static and dynamic transport of light close to the Anderson localization transition
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Anderson localization of light refers to an inhibition of wave transport in scattering media due to the
interference of multiple scattered waves. We present wavelength dependent midinfrared optical transport
measurements in slabs of randomly packed germai{en micron-sized particles, using a free electron laser
as a tunable source of pulsed radiation. Because of their high refractive index and low absorption, Ge and
similar semiconductors are excellent systems to study Anderson localization of light. To characterize the
samples fully, we have employed several complementary optical techniques: total diffuse transmission, total
diffuse reflection, coherent transmission, and time-resolved speckle interferometry. In this way we obtained the
scattering () and transpor(l) mean free paths, the absorption coefficiem},(the diffusion constant§), and
the energy transport velocity {). These measurements have been made as a function of midinfrared wave-
length, so that the scattering cross section and absorption coefficients can be varied in the same samples. We
found that the Ge samples are clo&é;{3) to the localization transition, but still above it. Our measurements
of I andl suggest thak is renormalized due to interference at the proximity of the localization transition. We
also found that the diffusion constant is significantly reduced in samples thinnertiin

DOI: 10.1103/PhysReVvE.63.046613 PACS nunderd2.25.Dd, 72.15.Rn, 42.25.Hz

[. INTRODUCTION for localization[6], |5 needs to be reduced. The scattering
mean free path is inversely proportional to the scattering
Multiple scattering of light in random media of scattererscross sectiorrg of the scatterers. For lightrg is maximal
is a phenomenon encountered daily. Clouds, milk, sand, pawvhen (a) the size of the scatterers is of the order of the
per, etc. are examples of media in which multiple scatteringvavelengthi; and (b) the refractive index contrast is high,
of light occurs. In these media the scattering is weak, i.e.i.e., micron-sized particles of a high refractive indexma-
kls>1, wherek is the wave vector of the light in the me- terial surrounded by a low refractive index material. The role
dium, andl; is the scattering mean free path or the averagef absorption in the localization process is still under debate.
distance between scattering events. In the case of weak scatis believed that absorption strongly influences the localiza-
tering the transport of light may be well described by meansion of light, and ultimately destroys it4,7], although in
of the diffusion approximatiofi1]. The diffusion approach other works[8,9] it is argued that absorption introduces only
neglects the interference of light propagating along differentrivial effects and does not alter the essential behavior of the
paths inside the medium. If the disorder is increasedhe-  transport of light. The competition between localization and
comes smaller. For isotropic scatterers]dfbecomes less absorption is very interesting to study. For electronic systems
than the critical mean free path~1/k, the wave cannot absorption is not present, since the number of electrons is
perform a complete oscillation in between scattering eventssonserved. Difficulties in realizing a medium with the de-
In this regime interference cannot be neglected, and the difscribed optical characteristics is the reason why only a few
fusion description of the propagation of light breaks down.experiments reported localization of classical waves in three-
Anderson localization is then establishgl. Localization — dimensional system,10—-12.
refers to an inhibition of wave transport in scattering media Recently, localization of near infrared light was reported
due to the interference of multiple scattered waves. The trarin a powder of gallium arsenid&aAs particles[10]. Intrin-
sition between the diffusion regime and the localization re-sic GaAs has a high refractive inder+3.5), and very low
gime for light is similar to the metal-insulator transition ob- absorption in the near infrared. Nevertheless, the interpreta-
served at low temperatures in highly doped semiconductoron of these measurements has been questioned by the pos-
[3]. Anderson localization is essentially a wave phenom-sibility of optical absorption introduced during the sample
enon; therefore, it holds for all kind of wavdd,5], i.e.,  preparation13]. Enhanced backscattering measurements of
electrons, electromagnetic waves, and acoustic waves.  visible light on macroporous gallium phospidéGaP
To approach the localization transition, i.ég~l;, or  sampled12] showed an effect attributed to the proximity of
equivalentlyklg~1, also known as the loffe-Regel criterion the localization transition. GaP has-=3.3, and it was clearly
shown that absorption was absent in this sysfé@]. We
have focused our efforts on germaniu@e) powder. Ger-
*Present address: Informed Diagnostics, 1050 Duane Avenugnanium is the semiconductor with the highest refractive in-
Suite 1, Sunnyvale, CA 94086. dex in the near and midinfrarech£4), and the absorption
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of intrinsic Ge is very low in this spectral regi¢h4]. Hence Dg
Ge is a good candidate for preparing a material in which — —Dg—==108(z=2))— —p. D
infrared light is localized. z La

In this paper we present wavelength dependent midinfra-
red (4.5-8 um) transmission and reflection measurements e ) , .
in randomly close packed micron-sized Ge particl@e The diffusion constant is defined Bg=vlg/3, wherev, is

powde). Tuning A allows us to vary the scattering cross the energy transport velocity in the mediya®], andls is .
. . ) . . the Boltzman mean free path or the transport mean path in
section(hencely), since it depends on the relationship be-

tween the particle size and the optical wavelength. To chart-he absence of interference. The absorption lengtis the

. . : average distance between the beginning and end points of
acterize the optical properties of the samples fully, we hav 9 9 9 b

performed a complete series of optical transport experiment ;ttsjf\/l%mm 'E-;h?1;eltféoir;]£)§m§§h:n2?§; f;ixgg/te '?h e
(1) Coherent transmissidi.5]: by measuring the decay in a B o

. ) . : boundaryz=0 i laced b f diff diati f
the intensity of the spatially coherent fraction of the trans- oundaryz IS TEPIAcEa LY & SOLree Of dITUSe raciation o

) . ) strength, |, equal to the incident flux and located at the
mitted beam, we obtained a direct measurement of the SC%anez:z [20]
b .

tering mean free path,. These are, to our knowledge, the |t e consider a medium with lateral dimensianandy,
first measurements df in a strongly scattering medium.  mych Jarger than its transverse dimensigrthe boundary
(2) Total diffuse transmission and reflectiqd5]: the  conditions of the diffusion equation are determined consid-
measurement of the diffusely transmitted and reflected lighgring that the diffuse fluxes going into the samplezatO
allows us to obtain two important parameters—the transporandL are due to a finite reflectivity at the boundarigg, 22,
mean free path or the average distance over which the di-
rection of propagation of the light is randomized, and the
absorption coefficient. Close to the Anderson localization p
transition, | is expected to be renormalized due to interfer- p=2,5-=0 atz=0, @
ence, becoming smaller thadp. Whenls=1., the transport
of light is inhibited and =0.
(3) Time-resolved speckle interferometry: in conjunction ap
with the experiments described above, speckle interferom- P+ZOZE:0 at z=L, ()]
etry provides a means of measuring dynamic transport quan-
tities such as the diffusion constabtand the energy veloc-

1ty ve- | _ _where zy_=(2lg/3)(1+R;)/(1-Ry,), and Ry, are the
This paper is organized as follows. In Sec. Il we review L2 ' ' L
the theoretical framework of the propagation of light in the pqlanzatlon and angular averaged reflect|V|t|e_s of the_ bound-
aries[22]. Index 1 refers to the interface at which the incom-

weak scattering limit and at the proximity of the localization ing beam is incidentz=0), while index 2 is ascribed to the

transition. The Ge powder sample preparation method is dedpposite interface Z=L). In the nonabsorbing. limit I(,

scribed in Sec. Ill. In Sec_. IV we present the optical mea-_m), Egs.(2) and (3) are equivalent to extrapolageto 0 at
surements. In Sec. V we discuss our results, and we compare . ;
. - ; 7ol distancez, . outside the sample surface. Therefarg,

them with previous works. The conclusions are summarize 12 ) 12

in Sec. VI. In the Appendix we discuss the influence of an'® called the extrapolation lengths. The extrapolation factors

absorbing substrate on the extrapolation lengths of a randorfp, , @€ defined aso =270 /lg.

medium of scatterers. Due to multiple scattering, which increases the transit
time of the light through the sample, a transmitted pulse is
broadened. The long time tail of the pulse, obtained by solv-

Il. THEORY ing Eq.(1) with the boundary condition&) and(3), is given
by an exponential decay with a characteristic decay time
The transport of light in a random medium of scatterers in23]:

the weak scattering limitkls>1, is well described by the

radiative transfer equatiofRTE) [1]. In the RTE, interfer-

ence of waves propagating along different paths is neglected. 1
g

Unfortunately, the RTE cannot be solved analytically in most =Dg
cases. An alternative to the RTE is the diffusion approxima-

tion, for which analytical solutions are easily fouft},16).

The validity of the diffusion approximation to describe the

propagation of classical waves in multiple scattering medidrom Eq.(4) it is clear that dynamic or time-resolved mea-
has been experimentally demonstrated for light], as well ~ surements allow one to obtain the light diffusion constant in
as for sound18]. The diffusion approximation, besides ne- a disordered scattering media.

glecting interference, considers an almost isotropic distribu- The stationary diffuse transmission and reflection or total
tion of the propagation direction of the light intensities. Thetransmission;T4(z,), and total reflectionRy(z,), are given
energy density inside the samp}g, is then given by by [24-26§

2 1)
+—. (4)

(L+2o +20)% L3
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sinr(zp/La)+(201/La)cosﬁzp/La)

Td(zp)z 2 . ’ (5)
(1+zoleZ/La)smr(L/La)+(1/La)(zol+ ZOZ)COSHL/La)
sinr((L—zp)/La)+(202/La)cosh(L—zp)/La)
Ra(zp)= : : (6)
@ (1+201202/L§)S|nr‘(L/La)+(1/La)(zol+202)cosr(L/La)
|
In Egs.(5) and (6) the source of diffuse radiation is located where
at a fixed plane=z,. However, in a real system the source
is extended as it is the scattered light out of the incoming 2L (lat
. . . allgt20,)
coherent beam. We need to incorporate the spatial extension A= ) (12)
of the source to analyze the measurements correctly. The L§+(zol+ Zoz)La-‘r 2,2,

intensity of the coherent beam decays exponentially as it
penetrates inside the sample with a characteristic length Aq I, approaches the critical valug~1/k at which the
given by |s. Therefore, the transmission of the coherentanderson localization transition takes place, the diffusion
beam is given by constant is renormalized by wave interference. According to
U the scaling theory of localizatidr27], the renormalization of
Teon=€ 7. (@) the diffusion constant may be expressed as a reduction of the
%ransport mean free path, and, for isotropic scatterers, is

If the scattering is anisotropic, one scattering event is not .
iven by

enough to randomize the direction of the propagation of the
light; in other words one scattering event does not fully con-

vert the ballistic propagation of the light into di_ffuse propa- R: I_:|S i+i+ l , (13
gation. The number of scattering events required for a full Dg s §o La L
conversion is
where[5]
s 1—{(cosd)’ ® 12
§o= (14)

where(cosd) is the average of the cosine of the scattering
zgg,fe'r;: gEig'Sz)t\pgepi?sgg:;;jg,nﬁgszw ;r;?l Oicztft%rgsagghﬁs t'he coherence length or the length over which ?nterference
tion of simply scattered light is fully randomized. For sys- IS Important. On_ length scal_es Iarger thég the “.ght re-
tems formed by(nearly isotropic scatters Eqg5) and (6) 2ili)rgecsorl1tsst;rl1f’r;uzlr\1/§ t?gﬁggg?ttlr%r;%nf?eae Ledrtllg:\%ihﬁid'zg'ﬁu'
gi?io?f properly weighted with an exponential source dIStrI_(13). Therefore, Eqs4), (9), and(10) are still valid close to
' the transition ifDg andlg are replaced by andl, respec-
Lilg tively. In an infinite and nonabsorbing medium at the transi-
Td:f Ta(zp)e *rdz,, (99  tion ¢y= and|=0, which means that the diffusion con-
0 stant vanishes or that the transport of light is inhibited. In Eq.
¥ (13), a finite absorption, given bk, and sample thickness,
_ B —z L, are included with the same weight as cutoff lengths&for
Re= fo Ra(zp)e *rdz,. (10 This is valid for cube geometry samples. However, most of
the experiments in random media of scatterers are done in
Equations(9) and (10) represent the diffuse total transmis- slab geometry samples or layers of scatterers witindy
sion and reflection of a disordered slab of isotropic scattererdimensions much larger than the thickness. For such samples
that is illuminated at one side, and they are the basis for théhe contribution of absorption in E¢13) is expected to be
analysis of the total transmission and reflection measuremore important than the finite thickness of the sample, since
ments. light paths longer tharh, are removed due to absorption,

In the limit Ilg<L<L,, T4 scales with the inverse of the while paths much longer thaln are still possible along the
sample thicknesd,. This is equivalent to the familiar Ohm’'s x-y planes. The presence of optical absorption is not by itself
law for the conductance in electronic systems. In the limita disadvantage. The study of the role that absorption plays in
lg<L,<L, T4 decays exponentially with and with a char- the localization process is very interesting; for instance, an

acteristic length given by, [26], anomalous absorption length close the localization transition
has been predicted in weak absorbing media due to the slow-
Tq=Ae ta, (11)  ing down of the transport of ligh4].
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Ill. GE SAMPLES

Germanium is a semiconductor with an energy band gap
of 0.62 eV corresponding ta =2.0 um. The absorption
coefficient of intrinsic Ge is very low¢<0.1 cm ) in the
wavelength range 2—1%m [14]. The lower limit is given
by the energy band gap, while the higher limit is due to
photon-phonon absorption bands. The refractive index of Ge
in this range is very high and nearly constant(4) [14].

Our starting material for the Ge powder slabs was high
purity (99.9999% Ge (Aldrich 26323-0. We grour 2 g of
Ge with a mortar until all pieces were smaller than 1 mm. To
reduce the particles size further, we milled them in a plan-
etary micromill using zirconia (Zr§) beaker and balls. After
milling at low speed during 4 min, 5 ml of spectroscopy
grade methanol was added, and the particles in suspension
were milled for another minute. We added 25 ml of metha-
nol, and we let the largest particles sediment over 150 s.
Only the particles that did not sediment were used in the
experiments. A few drops of the suspension were put on
calcium fluoride (Cak) disk shaped substrates with a diam-
eter of 12.7 mm and 1 mm thick, and we let evaporate the
methanol. The resulting samples were firm, and starchy slabs
of randomly close-packed Ge particles in an air matrix—in
other words, slabs of Ge powder.

The thicknesd. of the Ge slabs was measured by making
scratches at the edges of the samples. With a calibrated mi-
croscope with 1zm-resolution, we focused on the surface of
the sample and on the CaBubstrate. The thickness is given
by the difference between the focus points. In our samiples
ranges from 7.4 to 73.2um.

To measure the size of the Ge particles, and to check if
the samples were homogeneous, we performed scanning
electron microscopy. Figure(d) is a side view of a Ge ) _
sample, along one of the scratches made to measure the FIG. 1. Scanning electron microscope photographs of the Ge

sample thickness. In Fig. 2 we schematically represent QOWder samplega) Shows a side view of a sample. The direction

sample, the dotted arrow showing the direction of observa(-)f observation is marked in Fig. 2 with a dotted arraw) Is the

. . . upper surface of the sample, while) shows the lower surface.
tion of F'g_' 1(a). The sample is formed by a top _Iayer of NF())I?e that the magnificationps i) argd)(c) are the same.

small particles and a bulk of much larger Ge particles. For

comparison, in Figs. (b) and Xc) we show photographs of )

sample upper and lower surfaces, respectively. Energy dif® 0:19-0.13 um, and that in the sample bulk to be 0.98
persion x-ray spectroscop{EDX) measurements on the +0.68 um. ) )

samples top layer showed that it is mainly formed of Ge, Du€ fo the small size of the particles of the top layer and
together with a small amount of impurities introduced during!© itS thickness, the scattering in this layer is negligit26].

the milling. From electron microscope images of several' Nerefore, we may describe the samples as a homogeneous

samples we have estimated the thickness of the top ldyer, (0P layer of thicknessi=5 um in which only absorption
to be 5-1 wm, and to be constant for all the samples. wetakes place, and a bull_< of Ge partlcles_ with a thickness given
also checked that the size of the Ge particles in the samply L —d where scattering and absorption occur. The absorp-
bulk is the same at different depths, and that the size of thHON in the top layer is characterized by the absorption coef-
particles is the same in all the samples. f|C|¢nt_aT,_. Due t(_) the |rregul_ar shf_;lpe of the Ge pa_rtlcles,
Defining the particle radius as half the maximum distancdP€ir size, and their random orientation, we may consider the
between parallel tangents to the particle surfi2g], we  Scattering in the sample bulk to be nearly isotropigs|s.
have measured the radius of many particles of the top layefne absorption coefficient in the bulk is given by
and the sample bulk. In Fig. 3 we plot a histogram of the
radius of the particles of the top lay&olid barg and of the
sample bulk(dashed bajs By fitting the histograms with
log-normal distribution functiongdotted and solid lines in A midinfrared free electron las€FEL) (FELIX, Rijnhui-
Fig. 3), the average particle radius in the top layer is found tozen, The Netherlanglswas used as tunable source of intense

IV. MEASUREMENTS
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FIG. 2. Schematic representation of a Ge powder sample. The
thin top layer is formed by small Ge particles and impurities intro- 1
duced during the sample preparation. We neglect the scattering in
the top layer, which is then characterized only by the absorption
coefficientar_ . The sample bulk, formed by larger Ge particles, is  gig. 4. Scattering mean free pdthin Ge powder samples as a
characterized by the scattering mean free paihthe transport  fynction of the wavelengthy. Inset: measurements of the transmis-
mean free path and the absorption coefficieat The dotted arrow  jon of the coherent beam €8 wm) as a function of the sample
shows the direction of observation in Figal Also, the scratches thjckness,L. The line is an exponential fit to the measurements
made on the sample to measure its thickness are represented.  fom which we obtain the scattering mean free phgh At this

particular\, +;=3.8=0.2 um.

infrared radiation. The full capabilities of this FEL are de-

scribed elsewher¢30]. The FEL is continuously tunable b litt d the reflected b directed to a broad
over a wavelength range of 4.5-2Q0m, and generates an eamsplitter, and the refiected beam was directed 1o a broad-

intense train of picosecond pulsésicropulses of ~1-uJ band pyroelectric detector. The signal from this detector was

energy each, and a fractional spectral bandwidth of abod_‘ﬂsed as power reference. A 0.1-cm-diameter iris Was.plac_ed
1%. Each train of micropulsealled macropulsecontains ~ JUSt before the sample to insure that the FEL beam illumi-
about 100 micropulses, with an interpulse spacing of 40 nd1ated only the most homogeneous portion of the sample. At

In generaj’ the Signa| from 25 macropu|ses is averaged & distance of 120 cm from the Sample, and in the direction of
each measurement. the incoming FEL beam, an iris of 0.7-cm-diameter was

placed. After the iris a BaFlens focused the transmitted
FEL beam onto a sensitive liquid nitrogen cooled mercury
cadmium telluride(MCT) detector. The long distance be-

We first describe the transmission measurements of thieveen the sample and the detector insured that the detected
coherent beam. The output of the FEL was sent through diffuse light, transmitted through the sample, was negligible.

We measured the transmission of the coherent beam at four
25 T . T . wavelengthsh =5, 6.5, 6.9, and 8um.

In the inset of Fig. 4 we plot the transmission measure-
ments of the coherent beam as a function of the sample
thickness at\=8 um. Clearly the transmission decreases
exponentially with the sample thickness. The characteristic
length of this decay it;. Figure 4 shows, as a function of
\. The nearly constant value bfat 5, 6.5, and 6.9um may
be understood in terms of the high polydispersity in the size
] of the Ge particles. The effect of the polydispersity in the
scattering properties of the medium was discussed in Ref.
[26]. Only atA=8 um is | significantly larger. It is ex-
pected that a& increases|; becomes larger due to the re-
e duction of os. In the limit of A much larger than the size of
NG A1) the scattererg¢Rayleigh limit, o< 1/\*. In Fig. 5 we plot
25 the localization parametédl; as a function ofx. The wave

numberk is given by (27/\)n., wheren, is the effective

FIG. 3. Histograms of the particle radius in the Ge powder'€fractive index of the sample bulk. A good estimatepis
samples. The solid bars correspond to particles of the top layer d§iven by the Maxwell-Garnet effective refractive indedd].
the samples. The dashed bars are the histogram of the bulk Geaking a Ge volume fraction of 40%d0,26, we find n,
particles. The dotted and solid lines are fits of the histograms t¢=1.6 in the measurel range. As can be seen in Fig. 5, the
log-normal distribution functions, from which we obtain the aver- Ge powder samples are very close to the localization transi-
age particle radius. tion (kls close to 3, where localization effects, like the
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FIG. 5. Localization parametdd in Ge powder samples as a

function of the wavelength. FIG. 6. Normalized total transmissiot@ and reflection(b)

spectra of a Ge powder sample of thickness 73:2.

renormalization of the transport mean free path, are expected |, the following we show how we deduc¢drom the total
to occur. transmission and reflection measurements. In Fig. 7 we plot

_ o _ typical total transmissiofg) and total reflectiorib) measure-
B. Diffuse total transmission and reflection ments as a function of the sample thicknéssThe measure-

To obtain the transport mean free pathve measured the ments of Fig. 7 correspond th=8 um. To obtain the
total transmission and the total reflection. The total transmistransport mean free path, we need first to know the extrapo-
sion was measured as follows. The output of the FEL Wa;l;ation faCtOl'STol and 70, Given the effective refractive in-
brought to a weak focus of about 0.1 cm at the sample bylex of the Ge powdem.,~1.6, and the refractive index of
using two Bak lenses. The sample was mounted at the inpuCak, 7o, IS calculated. Considering the multiple reflections
of a diffuse gold(infragold coated integrating sphe(eS) of gt the Cag-air interface[33], we find 70,~2.7. To obtain

10-cm-diameter(Labsphere 1S040% The IS collects the 70., We fit the total transmission measurements of the thick-
light transmitted in all directions, allowing us to measure the'°r’

total transmission. At the output of the IS was a MCT detec-£St samples to

tor. A power reference was simultaneously measured in the T=Ae erde—(L-d)L, (15)
same way as described for the coherent beam measurements. '

The total transmission measurements were normalized by the . . ,
transmission spectrum of a clean Gaftubstrate. For the to- A &= (a)
tal reflection measurements the FEL beam was sent into the 10" _
IS through a small input port of 0.3-cm-diameter. The
sample was at the opposite side of the IS. Therefore, only the
reflected light by the sample was collected by the IS. The
reference for the reflection measurements was a thick in-
fragold sample with a diffuse reflectiorr96% in the A 10° . : ;
range 2—20um. For the total transmission and reflection A=8um (b)
measurements we made spectral scans in the range
4.5-8 pm, with steps of 0.1um. The lower limit is set by

the tunning range of the FEL, while the higher limit is due to
CaF, absorption.

Figures 6a) and Gb) display the normalized total trans-
mission and reflection spectra of the=73.2 um sample, 0.0
respectively. At all wavelengths the transmission is very
small, but there are some distinct spectral features. The spec-
tra show two distinct narrow absorption bands at 6.0 and ¢\ 7. Total transmissiore) and reflection(b) measurements
6.9 um. These two absorption bands are due to vibrationaj, Ge powder samples at=8 wm as a function of the sample
modes of hydrocarbon impurities introduced during thethicknessL. The solid line in(a) is a fit using the diffusion theory.
sample preparation. Exploiting the pulsed characteristics ofne dotted line(hidden by the solid line except at smal) is an
the FEL, we have confirmed stronger absorption at thesexponential fit to the total transmission of the thickest samples. In
bands by means of photoacoustic spectroscopy measurgy the solid line represents a fit of the total reflection measurements
ments[32]. using the diffusion theory.

Total transmission

Total reflection

0 20 40 60 80
Sample thickness, L (um)

046613-6



STATIC AND DYNAMIC TRANSPORT OF LIGHT CLOE . .. PHYSICAL REVIEW E 63 046613

This equation is equivalent to E@¢L1), with the source at- " " ' '
tenuated by the factae™ 19, This attenuation is due to ab- .

sorption in the sample top layer. For isotropic scatterers, one 10 !!!!QE!
finds, using Egs(11), (12) and(15), that 3 !! \
I Sample top layer, e
—2L I+ A'Ly(Lat 7o l e
Tolz ’ ap d (16)
2La|s_A Is(La+ 7'02|S)e L 1071 Sample bulk, «

where A’ is given by Eq.(15) at L=d. The dotted line in
Fig. 7(a) represents a fit of Eq15) to theA=8 um mea-
surements. From the fit we obtai’ =0.35+0.05 andL,
=15.5£0.5 um. To obtain, from Eq. (16), we need to

/ ; '
i gyl

Absorption coefficients (um™)

3
know a1, . The total reflection measurements are more sen- 1077 5 6 7 3
sitive to the absorption in the top layer because the reflected Wavelength, A (um)
light crosses this layer twice. Therefore, the low reflection
exhibited by our sample®nly 20% at\=8 wm) is mainly FIG. 8. Circles: absorption coefficient in the Ge powder samples

due to strong absorption in the top layer. To estimate thdPP layer.ar, as afunction of the wavelength Squares: absorp-
absorption coefficient in the top layegy, , we fit the total  ton coefficient in the bulk of the samples,
reflection measurements with )

7o, T, andL, we can obtain the transport mean free path

1 from the total transmission measurements using the equation
R:e’“TLdeJ e *Yep()du, (17
0 T=e *19(Ty+e L-Ds), (18)

where uw=cos#, and 6 is the angle with respect to sample The solid line in Flg Ta is a fit _Of the to_tal_transmission
surface normal at which the diffuse reflected light exits themeasurements using EG.8). The first term inside the brack-

sample bulk. The diffuse reflected light is angular distributedets of Eq.(18) is the diffuse total transmission, while the
according toP(u) s u[ 2+ w/(1+ )] [34], where we as- second term is the transmission of the coherent beam. The

sume that the bulk of the sample and the top layer have th ctor e~ represents the attenuation of the in<_:or_ning
same index of refraction; this is justified, since we know eam due to absorption in the top layer. The transmission of

from the EDX measurements that the top layer is mainlythe cohere.nt beam rapidly decreases yiLi,trbeing insignifi-
formed of Ge, and from the scanning electron microscop&@"t for thick samples. AL=8 um, with d=5 um, 7o,
photographs that the packing of the particles is similar in=1.6, 70,=2.7, @7 =0.091+0.008 xm™*, and L,=15.5
both regions. The factoe “Tt9 in Eq. (17) represents an *1 um, we find from the fil =3.5=0.5 um (Table |). At
attenuation of the coherent beam due to absorption in ththis \ the incident beam is attenuated by more than 30% due
sample top layerRy is the diffuse reflection of the sample to absorption in the top layer. The wavelength dependence of
bulk, and the integral represents the attenuation of the diffuskis plotted in Fig. 10. Consistently with the measurements of
reflected light due to absorption in the top layer. In ELy) Is, | increases at highex due to the reduction ofs. The

we have considered isotropic scattdiss 1, and have ne-

glected reflections at the sample top layer-air interface. By 25 T T T T
neglecting these reflections we obtain a higher value§f
from the fit than the real one. We have determined the over-
estimation ofay, to be ~15%. Nevertheless, this overesti-
mation of «wy_ is irrelevant for the value of the transport
mean free path that we will obtain from the fit to the total
transmission. The fit of Eq17) to the reflection measure-
ments ath=8 um is shown as a solid line in Fig.(B).
From this fit we obtainer, =0.091+0.008 um™ L. To ob-
tain aq at wavelengths other than=5, 6.5, 6.9, and

8 um, where we have directly measurégd we linearly
interpolate the valuéls at intermediate.. The circles in Fig.

8 representut. as a function of\. In Fig. 9 we plot the
wavelength dependence @51, as obtained from Eq(16). 0.0 . : .

The lower value ofrg at the absorption band®.0 and 4 3 6 7 8

] Wavelength, A (um)
7.0 um) should not be attributed to a decrease of the bound-
ary reflectivity, but to an increase of the absorption at the FIG. 9. Extrapolation factor, of the Ge powder samples as a
samples top layeisee the Appendix With the values ofrg_, function of the wavelength.

2.0 .

1

-
wn
f
1

Extrapolation factor, 1,
=
2

o
(9,
.

\
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TABLE |. Scattering properties in Ge powder samples\at8 um. Scattering mean free pathg),
localization parameterk(s), transport mean free path)( absorption coefficient in the sample bulk)(
absorption coefficient in the sample top layer(), diffusion constantD), and energy transport velocity

(Ue)-
A (um) g (um) klg [(um) (10 3um™) e (102um™Y) D (m?s) ve(10' m/s)
8 3.8:0.2 47402 3505 4.9+0.9 9.1+0.8 =26 =55

squares in Fig. 8 are the absorption coefficient1/(3L2), ~ ometer. The majority of the infrared power was focused
in the bulk of the sample. We see that, although’>1,  weakly to a 1-mm spot at the sample. A small cone of the
significant absorption has been introduced in the sample buldiffuse transmission far in angle{20°) from the coherently
during the sample preparation. Most likely we have createdransmitted beam propagated about 1 m, and then was col-
surface defects in the Ge particles and introduced impuritielected by a 10-mm-focal length lens onto a MCT detector. A
during the milling, giving rise to an increase of the absorp-variable iris was placed before this lens such that the detector
tion. The absorption is stronger in the top layer where thecollected light from only a single speckle spot. A 10% re-
size of the particles is smaller, and where we have measurdtecting beamsplitter, located before the sample, created the
by EDX the presence of impurities from the mill. copy of the input optical pulse that was sent along the other
arm of the interferometer. This reference pulse was directed
down a variable optical delay line before it was combined
] . ) colinearly, on a second beamsplitter just before the iris, with
From the optical experiments described above, we havghe diffusely transmitted pulse. As the optical delay was
obtained high quality measurements of the absorption coekcanned, the detector recorded the interferogram between the
ficient and the transport and scattering mean free paths in th@attered pulse and the reference pulse. As in the other mea-
bulk material, as well as the absorption in the top layer ofsyrements, a reference detector was used to normalize laser
fine particles. Unfortunately, as these are static measur@nctuations. An added complication was atmospheric ab-
ments, it is not possible to extract from them dynamicalsorption, which causes temporal pulse breakup due to the
transport quantities such as the diffusion consfarind the  rejatively narrow absorption lines. For this reason, time-
energy transport velocity, . To study these dynamical prop- resolved measurements were made at just two wavelengths,
erties, we have employed time-resolved speckle interferomyq 5 gnd 8 wm, where atmospheric absorption is marginal.
etry, a technique which takes advantage of the picosecond |n the inset to Fig. 12, we display a small portion of a
pulse structure of the FEL, to map out the envelope of theypical interferogram, taken atA=4.5 um on a
diffusely transmitted pulse interferometrically. Upon enter-17_,m-thick sample. The oscillations at the optical fre-
ing the scattering medium, the incoming optical pulse willguency are clearly visible. In the analysis of these data we
undergo a temporal delay and broadening due to multiplgake advantage of the fact that oscillations in the interfero-
scattering events, which increase the light transit time in theyram have a well-defined carrier frequency. The data are

samples. A schematic of the experimental apparatus used ¥halyzed further by taking the power spectrum of a narrow
perform this experiments is shown in Fig. 11. The sample

C. Time-resolved speckle interferometry

was mounted in one of the arms of a Mach-Zender interfer- )
IDelay line
5 T T T T
/
4 4
~ 3 ﬁ ]

' H{## '

1 { { { | FIG. 11. Schematic representation of the setup used for the
time-resolved speckle interferometry measurements. The FEL light
was sent into a Mach-Zender interferometer with the sample in one
of its arms. The undistorted or reference pulse traveled along the

4 5 6 7 8 other arm, in which a delay line allowed a change of the optical

Wavelength, A (um) path length. Both pulses were recombined at the exit of the inter-

ferometer. To avoid detecting the coherently transmitted beam, the

FIG. 10. Transport mean free pditlin the bulk of Ge powder detector was placed at an angle of 20° with respect to the incident
samples as a function of the wavelength beam direction.
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FIG. 12. Transmitted intensity through a Ge powder sample of Optical thickness, (L-d)/l

thicknesd. =17 um at\=4.5 um (solid line) as a function of the

time delay introduced by the delay line of the Mach-Zender |nter-angles andA=8 um (circles in Ge powder samples as a function

ferometer. The dashed line is a fit using classical diffusion theory : . o
. . . . : bf the sample optical thicknes) Energy transport velocity in the
convoluted with a Gaussian function, which takes into account the . .
. L . Same samples and at the same wavelengths. The straight dashed line
instrument response. The dotted line is the incident pulse shapé. . . ) .
. - -1t the phase velocity in an homogeneous medium with a refractive
The maxima of both pulses have been normalized to the same time

delay. The inset is a portion of the interferogram from which theIndex equal to the effective refractive index of the Ge powder

transmitted intensity is reconstructed. samples.

FIG. 13. (a) Diffusion constantD of light atA=4.5 um (tri-

(200 fg time slice of the interferogram, and integrating this E:D ’ +i (19
spectrum in a narrow5%) window in the vicinity of the (L—d+2o + 2 )2 Lg )
carrier frequency. Due to the coherent nature of the incoming o

light, the resulting interferogram of a given speckle will have 1..¢ expression may be used to obtain the diffusion constant

Iarge amplitude _and phase fluctuations as functions of th% using the values of , andz, obtained from the static
optical delay. It is therefore necessary to average over sev-’ 2 1

eral speckles for each sample thickness and at each wav@leasurements described above. The extrapolation leggth
length. This process smooths out the phase and amplitudé equal to 1.1, corresponding to the interface sample-gaF
fluctuations caused by the interference of different paths$ubstrate. For the time-resolved measurements the reflected
leaving only the overall intensity envelope of the diffusely light at the Cak-air interface does not need to be considered,
transmitted beam. The result of this averaging process isince this reflected light is detected at later times. Due to the
shown by the solid line in Fig. 12. As expected, the dataharrow spectral width of the pulse, dispersion in the sample
exhibit a smooth rise time governed primarily by the incidenttop layer may be neglected. In Fig. (8Bwe plotD as a
optical pulse length, and a slower decay time due to multipldunction of sample optical thicknessl. ¢ d)/I, at 4.5 um
scattering. The narrower featuf@otted ling is the incoming  (triangles and 8 um (circles. For samples thinner than
pulse shape, which was measured using the same setup ex-|, the diffusion constant is significantly reduced. We dis-
cept with the sample replaced by a thin piece of weaklycuss the optical thickness dependenceDoin Sec. V. As
scattering paper. Note that this pulse is substantially shortegxpected, the diffusion constant is smaller at shoier
in duration (about 33% than the transmitted pulse, with a where the scattering is stronger.
much sharper decay time. The maxima of the transmitted Using the expressio =v¢l/3 and the values obtained
pulses in Fig. 12 have been normalized to the same timéor | from the total transmission and reflection analysis, the
delay. Small setup realignments between different samplegnergy transport velocity, is acquired. It is well known that
necessary to increase the signal-to-noise ratio of the intethe energy velocitythe rate at which the energy is trans-
ferogram, made it impossible to extract useful informationported may be significantly slower than the phase and group
from pulse delay time. However, the diffusion constant mayvelocities due to scattering resonang€d]. The derived val-
be obtained from the pulse broadening. ues of the energy velocity are plotted in Fig.(R3 along
According to diffusion theoryEq. (4)], The long-time tail ~ with the expected phase velocity from our estimate of the
of the pulse can be modeled by an exponential decay. Theréndex of refraction(dashed ling The large difference be-
fore, we fit the time-resolved data with an exponential decayween the energy and phase velocities is clear in Figh)13
convoluted with a Gaussian function which takes into ac{more than a factor 2 and 3 at=8 and 4.5 um, respec-
count the instrument responsgthe dashed line in Fig. 22  tively, for samples thicker thanly. The scattering properties
The Gaussian width depends on the incoming pulse duratiornf the Ge samples at=8 um obtained from the static and
The characteristic decay time constant is given by dynamic measurements are summarized in Table I.

)
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but still above it. This is a striking result since in RgL0]
1.41 ] strong localization Kls<<1) of near infrared light was re-
ported in nonabsorbing GaAs powder. The refractive index
- of GaAs (h~3.5) is lower than the one of Ge, and the poly-
dispersity in the samples of Rdf10] is comparable to the
- polydispersity in the Ge samples. Also, the size of the par-
10fmmmclecaccacfkadaaa - ticles relative to the measured is comparable in both
works. In Ref.[26] near infrared total transmission through
I Si (n~3.5) powder was measured. These measurements
] were fully described by using the diffusion approximation. In
that work it was argued that a difference in the connectivity
- between the Si and GaAs particlghie to the different shape
of the particleg could be the reason why localization was
absent in the Si samples. However, the shapes of the Ge and
Wavelength,  (um) GaAs particles are similar and, there_fore, we also expect a
similar connectivity between the particles in both samples.
FIG. 14. Circles: transport mean free patbf light of wave- At this moment it is not clear why localization is apparent in
length\ in the Ge powder samples, divided by the scattering mearGaAs powder but absent in similar samples of Ge powder.
free pathls. Squares: expected renormalizatiorl diue to interfer-  More experimental and theoretical work must be done in the
ence assuming that the localization transition is;at\/27n, and GaAs samples to confirm the results of Rdf0]. A feasible
ne=1.6. experiment, as clearly shown in R¢86], consists of filling
the air voids in the GaAs samples with a nonabsorbing liquid
V. DISCUSSION and measuring the total transmission. The reduction of the

In Fig. 14 we display as circles the ratio of the transportrefrac’[ive index contrast should be enough to prevent local-

and scattering mean free paths obtained from the static meg—at'%':(’iriggggev\tl%al ;;anfgff'ggnswgﬁkiho?aery g;etgg];ust'ﬁg
surements. The values bfi are smaller than 1, which can PP p 9 9

be only understood by considering the renormalization of samples thickness. This could con_firm_that the deviation in
due to the proximity of the localization transition. For com- the measurements of R¢10] from diffusion theory are due

. S to localization.
parison, in Fig. 14 we also plésquaresthe expected renor- . e .
malization ofl according to scaling theofEq. (13)], assum- In Fig. 1;{a), where the dlffu_smn constant obtained from
: = = A the dynamic measurements is plotted versus the sample
ing I,=2mn,/N and n,=1.6, and considering only the _ . R .
. thickness, we see th&@l is significantly reduced in samples
absorption as a cutoff of the coherent length However,

the large error in the determination bfrelated to the com- thinner than~71. Similar optical exper_iments carried out in
plicated structure of the samples and to the estimation of th 0, powder| 37] showed the same thickness dependence of

extrapolation factor_, makes it impossible to prove local- ~; Acoustic freql_Jency corrglatlon measurements in _samples

o 1 ) . of glass beads immersed in wat&8] are also consistent

ization effects unambiguously. In our analysis to figd, we  yith a reduced in thin samples. It is important to note that

fix | to I in Egs.(16) and (17), obviating any localization the values ofD given in Fig. 13a) are obtained from the

effect. long time tail of the transmitted pulse, where the diffusion
In Ref.[26] the energy density coherent potential approxi-equation is expected to hold even for thin samples. A pos-

mation[35] was used to calculate the scattering properties oible explanation for the nonconstant valuelbfs given in

an infinite system of polydisperse silicon spheres. As a resulRef.[38]. The long time tail intensity in the thin samples is

of the polydispersity, the resonanceslinin the monodis- due to light that has mainly traveled along thg plane. The

perse system were smoothed out, &ntdecame, in general, reduced dimensionality likely makes interference important,

larger in the polydisperse medium. Therefore, to further apwhich is not taken into account by the diffusion equation.

proach the localization transition in Ge samples, it is necesTherefore, the diffusion approach underestimdem thin

sary to reduce the polydispersity. samples.
A great improvement in the reduction of absorption may

be achieved by annealing the Ge particles after the milling.

To eliminate the hydrocarbon absorption bands at 6 and

6.9 um, we propose the substitution of methanol as solvent \ye have studied the wavelength dependence of the scat-
by carbon tetrachloride (C@)l or carbon disulfide (CS. tering properties of randomly close-packed micron-sized ger-
Although the determination dfin the Ge samples from manjum particles, i.e., Ge powder. By measuring in the mid-
the total transmission and reflection measurements is venyfrared the decay in intensity of a free electron laser beam
involved due to the top layer, we have unambiguously deteras it crossed the samples, we obtain the scattering mean free
mined|s from the decay in intensity of the coherent beam.path| .. Our samples are close to the localization transition
These last measurements are unaffected by the reflectivity g{t still above it. This is an unexpected result, since Ander-
the boundaries, and therefore they are independery, Gind  son |ocalization of light was reportdd0] in similar samples
7o,- We find values okl close to the localization transition of lower refractive index material, GaAs. We have also mea-

VI. CONCLUSIONS
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sured the total transmission and reflection of the Ge powder ' ' ' '
samples obtaining the transport mean free phtland the 3.51
optical absorption in the samples. During the sample prepa- ]
ration we introduce significant absorption. Our measure- 3.01
ments suggest a renormalizationlafue to the proximity to T
the localization transition. However, the large error in the
determination of, related to the complicated structure of the
samples, makes it impossible to exclude localization effects
in the Ge samples unambiguously. To approach the localiza-
tion transition it is necessary to reduce the high polydisper-
sity in the Ge particle size. We have also performed time-
resolved speckle interferometry, obtaining the light diffusion
constantD and the energy transport velocity, for different
sample thicknesses. It is found thais significantly reduced

in samples thinner thar=71, confirming previous experi- ] ¢
mental workg37,38|.
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FIG. 15. Extrapolation factory of a double interface or sub-
strate, as a function ofhig) !, whereh is the thickness of the
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APPENDIX: EXTRAPOLATION LENGTH WITH by

AN ABSORBING SUBSTRATE

The calculation of the reflectance for a double interface or R(6)=R.,(0 )+Tab( 01)Roc( 02) Rog( )@ 250050
a substrate was done in R¢83]. Here we generalize this apt 71 1— Rpa(02) Ry ,) e 2as/cost2
calculation for the case of absorbing substrates. The top layer (A1)
of our samples may be considered as a thin absorbing sub-
strate. With the values of the reflectance the extrapolatiom Eq. (A1) the indexesa, b, and ¢ stand for mediaa,
factors may be calculated. We assume a weakly or nonalisample, b (substratg andc (outside mediun) as illustrated
sorbing multiple scattering sample that is on an absorbingn the inset of Fig. 15, and, for instandg,, is the Fresnel
substrate of thickneds The effective refractive index of the reflection coefficient of the interface between meal@ndb.
medium is given byn,, while the substrate has a complex With the reflection coefficient, given by EgA1), the ex-
refractive indexnS=ng+i ;. If ks<ngthe absorption coef- trapolation factorr, can be calculated following the proce-
ficient of the substrate is given bhy;=2m«g/\. The trans-  dure described in Ref22].
mitted fractionT,,(64) of the diffuse light incident at the In Fig. 15 we plot the extrapolation factor as function of
interface sample-substrate at angle(see the inset of Fig. (hag) ™! calculated withn,=n,=1.6 and, for simplicity,
15) is refracted according to Snell’'s law, and undergoes awith the Fresnel reflection coefficients calculated for dielec-
ballistic propagation along the substrate at an amgleThe  tric media. As the absorption in the substrate becomes stron-
intensity of the transmitted fraction in attenuated by the fac-ger, 7o becomes smaller. The reason for the decreasg f
tor e~ "% due to absorption in the substrate. The lightthe lower light intensity that reaches the substrate-air inter-
reaching the substrate-air interface may be reflected with face due to absorption in the substrate.
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